Emerging role for regulated in development and DNA damage 1 (REDD1) in the regulation of skeletal muscle metabolism. Am J Physiol Endocrinol Metab 311: E157-E174, 2016. First published May 17, 2016; doi:10.1152/ajpendo.00059.2016.-Since its discovery, the protein regulated in development and DNA damage 1 (REDD1) has been implicated in the cellular response to various stressors. Most notably, its role as a repressor of signaling through the central metabolic regulator, the mechanistic target of rapamycin in complex 1 (mTORC1) has gained considerable attention. Not surprisingly, changes in REDD1 mRNA and protein have been observed in skeletal muscle under various physiological conditions (e.g., nutrient consumption and resistance exercise) and pathological conditions (e.g., sepsis, alcoholism, diabetes, obesity) suggesting a role for REDD1 in regulating mTORC1-dependent skeletal muscle protein metabolism. Our understanding of the causative role of REDD1 in skeletal muscle metabolism is increasing mostly due to the availability of genetically modified mice in which the REDD1 gene is disrupted. Results from such studies provide support for an important role for REDD1 in the regulation of mTORC1 as well as reveal unexplored functions of this protein in relation to other aspects of skeletal muscle metabolism. The goal of this work is to provide a comprehensive review of the role of REDD1 (and its paralog REDD2) in skeletal muscle during both physiological and pathological conditions. muscle mass; RTP801; DDIT4; dig2 MAINTAINING SKELETAL MUSCLE MASS is of critical importance to many groups of people, ranging from athletes trying to accrete muscle protein to individuals trying to minimize protein loss with catabolic diseases such as cancer, sarcopenia, HIV/AIDS, sepsis, alcoholism, and diabetes. It is widely accepted that an increase in muscle mass and strength enhances physical performance in young, healthy individuals (16, 47, 97) , and maintenance of skeletal muscle mass and strength in catabolic states is associated with decreased mortality (56, 80, 91, 94, 107) . Moreover, in many catabolic conditions, current nutritional and pharmacological interventions are unable to prevent or reverse the erosion of muscle mass, thus presenting a barrier to improved patient care (122, 123). Therefore, a more complete understanding of how skeletal muscle mass is regulated is central to minimize its loss and/or speed recovery following disease in which muscle mass is compromised.
MAINTAINING SKELETAL MUSCLE MASS is of critical importance to many groups of people, ranging from athletes trying to accrete muscle protein to individuals trying to minimize protein loss with catabolic diseases such as cancer, sarcopenia, HIV/AIDS, sepsis, alcoholism, and diabetes. It is widely accepted that an increase in muscle mass and strength enhances physical performance in young, healthy individuals (16, 47, 97) , and maintenance of skeletal muscle mass and strength in catabolic states is associated with decreased mortality (56, 80, 91, 94, 107) . Moreover, in many catabolic conditions, current nutritional and pharmacological interventions are unable to prevent or reverse the erosion of muscle mass, thus presenting a barrier to improved patient care (122, 123) . Therefore, a more complete understanding of how skeletal muscle mass is regulated is central to minimize its loss and/or speed recovery following disease in which muscle mass is compromised.
The protein regulated in development and DNA damage 1 (REDD1) has been identified as a key regulator of skeletal muscle mass. For example, skeletal muscle-specific overexpression of REDD1 via electroporation reduces muscle fiber cross-sectional area (CSA) (35) , and using mice with a global disruption of the REDD1 gene [hereafter referred to as REDD1 knockout (KO) mice] has implicated REDD1 as an important protein in muscle metabolism under both physiological and pathological conditions. As a thorough phenotypic description of the skeletal muscle from mice with the global disruption of the REDD1 gene has been presented elsewhere (12) , it will not be reiterated here. However, it should be noted that basal muscle mass was not different in these animals (12) . Despite the growing realization of the diverse actions of REDD1, a comprehensive review of the literature pertaining to its importance specifically in skeletal muscle is lacking.
Regulation of Skeletal Muscle Mass and Protein Synthesis
Skeletal muscle mass is determined by the net balance between rates of muscle protein synthesis and protein degradation (60) . These two processes wax and wane throughout the diurnal cycle in response to various external stimuli (e.g., nutrient availability and exercise), and when in relatively long-term balance, muscle mass is maintained (41, 44) . Muscle mass is increased when the rate of protein synthesis exceeds the rate of protein degradation for a sustained period of time (45) ; conversely, enhancing protein degradation relative to protein synthesis leads to a loss of muscle (65) . Although stimuli such as resistance exercise and nutrient consumption shift the balance in favor of net protein accretion in healthy individuals (29, 45, 48, 49) , the magnitude of this shift is either blunted or nonexistent in various disease states and is associated with a loss of muscle mass (41, 74, 95) .
The shift in protein metabolism toward net synthesis following an anabolic stimulus (e.g., nutrients or resistance exercise) requires signaling through the mechanistic target of rapamycin in complex 1 (mTORC1), as pharmacological inhibition of this kinase using rapamycin negates stimulation of protein synthesis (8, 27, 29, 45) . Activation of mTORC1 regulates capdependent mRNA translation through at least two known downstream substrates, termed the 70-kDa ribosomal protein S6 kinase-1 (p70S6K1) and the eukaryotic initiation factor 4E (eIF4E)-binding protein-1 (4E-BP1) (23, 113) . Phosphorylation of these substrates leads to the formation and activation of the 48S preinitiation complex and subsequent cap-dependent translation (25, 53) . A detailed description of this specific process has been reviewed elsewhere (46, 69, 102) .
Regulation of mTORC1 Signaling
Signaling through mTORC1 is increased by various stimuli including hormones and nutrients that converge on at least two known proximal mTORC1 effectors, the small GTPase ras homolog enriched in brain (Rheb) and the Ras-related small GTP-binding proteins (RagA-D) ( Fig. 1) (22) . Rheb bound to GTP will activate mTORC1, whereas Rheb bound to GDP will not (76) . Hormones such as insulin and insulin-like growth factor I (IGF-I) increase the GTP binding state of Rheb by activating kinases such as Akt (aka protein kinase B, PKB) and ERK, causing phosphorylation and inhibition of the tuberous sclerosis complex (TSC1/2), which functions as a GTPase activating protein (GAP) toward Rheb (43) . Conversely, TSC1/2 GAP activity is increased following phosphorylation by AMP-activated protein kinase (AMPK) under conditions of energy stress (71) . In contrast, amino acids activate mTORC1 through the concerted action of several guanine nucleotide exchange factors (GEFs) and GAPs that act to modulate the GTP/GDP loading status of the Rag proteins (6, 7, 110) . Thus, by promoting the accumulation of RagA/B in the GTP-bound form and/or RagC/D in the GDP-bound form, amino acids are thought to recruit mTORC1 to the lysosomal/late endosomal membrane to interact with Rheb (22) . Although the requirement for the guanine nucleotide binding status of RagA/B and RagC/D in the activation of mTORC1 has been questioned (93) , it is apparent that the Rag proteins indeed associate with mTORC1 in an amino acid-sensitive fashion (67, 110) . There are several excellent reviews for readers interested in a more detailed analysis of mTORC1 signaling (46, 54, 69, 73, 77) .
Regulated in Development and DNA Damage 1 (REDD1)
REDD1 (aka RTP801, DDIT4, dig2) was first identified as a novel hypoxia-inducible factor (HIF)-1-responsive protein upregulated by hypoxia and a target gene of the p53 and p63 transcription factors (33, 112) . Following its discovery, the relationship between REDD1 and mTORC1 was identified in Drosophila. Expression of Scylla, the Drosophila homolog of REDD1, repressed phosphorylation of S6 kinase (S6K), a known substrate of the target of rapamycin (TOR), the Drosophila ortholog of mTOR (109) . These results were later confirmed in mammalian cells (17) .
In addition to regulating mTORC1 signaling, there is also evidence that REDD1 protein stability and REDD1 expression are altered by changes in mTORC1 signaling. For example, increased signaling through mTORC1 in cultured cells stabilized the REDD1 protein, as evidenced by an increase in its half-life (120) . Conversely, treatment with rapamycin to inhibit mTORC1 reduced the half-life of REDD1 (120) . An additional study showed that REDD1 mRNA and protein expression were increased either 3 h following injection of IGF-I into the gastrocnemius or after constant infusion of insulin into rats (39) . Further analysis in C 2 C 12 myotubes illustrated that the IGF-I mediated induction of REDD1 mRNA expression occurred 2 h after treatment, while REDD1 protein expression was increased by 3 h (39). This effect is likely due to induction of endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) following prolonged, elevated mTORC1 signaling and protein synthesis (2) . Stimulation of the UPR activates the PKR-like ER kinase (PERK), which in turn, phosphorylates the eukaryotic initiation factor 2 (eIF2) on the ␣-subunit (52). Phosphorylation of eIF2␣ generally suppresses global rates of protein synthesis but paradoxically increases the translation of a specific subset of mRNAs, including the transcription factor activating transcription factor 4 (ATF4) (5) . Increased ATF4 expression is sufficient to promote transcription of REDD1, which is presumed to repress mTORC1 in an attempt to alleviate ER stress (62, 131) . Thus, it appears that changes in mTORC1 signaling alter REDD1 protein stability, and prolonged stimulation of mTORC1 can increase REDD1 expression through activation of the UPR.
Despite the known repressive effect of REDD1 on mTORC1 signaling, its mechanism(s) of action is not fully defined. Based on studies using Drosophila, it was first proposed that Scylla, acted upstream of TSC1/2 to repress TOR as overexpression of Scylla in cells without a functional TSC1/2 failed to repress TOR signaling (109) . Similarly, overexpression of REDD1 in mammalian cells did not reduce mTORC1 signaling in the absence of a functional TSC1/2 complex (17) . Based on these findings, and the observation that both REDD1 and TSC2 bind to 14-3-3 proteins in response to hypoxia, a model was proposed in which REDD1 competes with TSC2 for binding to 14-3-3 proteins and that increased REDD1 expression leads to the dissociation of 14-3-3 proteins from TSC2 (26) . In this model, dissociation of TSC2 from 14-3-3 proteins allows it to interact with TSC1 to form a functional TSC1/2 complex, and subsequently repress mTORC1 activity ( Fig. 2A) . Evidence supporting this model was also provided by a study using a tetracycline-inducible model system in U2OS human bone cells to acutely increase REDD1 expression (26) . However, a subsequent study using both functional and structural-based analyses concluded that it is likely that REDD1 does not directly interact with 14-3-3 proteins, thus questioning the validity of the first model (125) . More recently, an alternative mechanism was proposed based on data using an acute tetracycline-inducible model system in HEK293 cells to assess the repressive actions of REDD1 on mTORC1 signaling independently of external cellular stressors (e.g., hypoxia) or long-term changes in its expression levels in the days prior to the experiment (e.g., transient transfection of REDD1). This work showed that REDD1 repressed signaling through mTORC1 by reducing the phosphorylation of Akt (Thr 308 ) through recruitment of protein phosphatase-2A (PP2A) (24) . Decreasing Akt activation reduced the phosphorylation and inhibition of TSC2, thereby increasing GAP activity toward Rheb and suppressing mTORC1 signaling (Fig. 2B) (24) . Although a similar inducible model was employed in both mechanistic studies, Akt phosphorylation was not assessed in the earlier report, precluding direct comparison and integration of the two models.
Despite the obvious differences in these models, they are similar in that both show an interaction of TSC2 with 14-3-3 proteins following REDD1 induction. However, the initial report suggested that TSC2 binding to 14-3-3 was reduced following induction of REDD1, while the later did not. Though both used the same pan 14-3-3 antibody for immunoprecipitation, possible reasons for the discrepant findings include the type of cells used (U2OS human bone cells vs. HEK293 cells), or the type of detergent used in the immunoprecipitation buffer Nonidet P-40 (NP-40) vs. 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). Regardless of the uncertainty by which REDD1 represses mTORC1 signaling, the studies are consistent in that REDD1 represses mTORC1 upstream of Rheb (17, 24, 26, 109) . Indeed, REDD1 failed to blunt mTORC1 signaling in cells expressing constitutively active Rheb (which resists the GAP activity of TSC1/2), whereas it was able to effectively repress mTORC1 activity in cells expressing constitutively active variants of the Rag proteins (which are resistant to amino acid deprivation) (24) .
In vivo, the two proposed models by which REDD1 represses mTORC1 signaling may not be mutually exclusive, and the mode by which REDD1 represses mTORC1 may be dependent on the physiological/pathological state. An example of nonmutual exclusivity is provided by glucocorticoid-treated wild-type (WT) mice and REDD1 KO mice where glucocorticoids effectively increased REDD1 in the muscle at the same time that there was a strong trend for both reduced Akt (Thr 308 ) phosphorylation and increased TSC2 binding to 14-3-3 only in WT mice, consistent with elements of both proposed models (12). In contrast, others have shown that, despite increased REDD1 mRNA and repressed mTORC1 signaling, phosphorylation of Akt (Thr 308 ) was elevated in skeletal muscle of tumor-bearing mice (103) . These data support the conclusion that the two proposed mechanisms of action may not be mutually exclusive and that the mode by which REDD1 represses mTORC1 signaling may be specific to the physiological/pathological condition.
In addition to mTORC1 repression, REDD1 may function as a regulator of autophagic flux in an mTORC1-independent manner. Mouse embryonic fibroblasts (MEFs) lacking REDD1 were resistant to the induction of autophagy by stimuli including hypoxia and pharmacological mTORC1 inhibition (rapamycin and Torin2) (104) . Based on these studies, it was proposed that REDD1 binds to the thioredoxin interacting protein (TXNIP) and inhibits the TRX1/2 thioredoxins, which function to reduce cellular levels of reactive oxygen species (ROS) (104) . Thus, when the TRX1/2 proteins are inhibited, cellular ROS levels increase, thereby enhancing autophagic flux. Although this report described an mTORC1-independent role for REDD1 in the regulation of autophagy, it is still possible that REDD1 also promotes autophagy by inhibiting mTORC1 signaling.
Structural analysis of REDD1 has led to a better understanding of the functional domains within the protein that mediate its repressive action on mTORC1. This analysis revealed that deletion of short stretches of amino acids within two segments of REDD1, comprising amino acids and 207-225, completely prevented REDD1-mediated inhibition of mTORC1 (125) . To obtain further insight into this region of the protein, the crystal structure of REDD1 amino acids 89 -226 was solved (125) . The analysis revealed that this portion of the protein folds into two ␣-helices sandwiched against four ␤-sheets, with ␤-sheets 1-3 forming a rare structural motif referred to as a psi loop. Interestingly, a search of the Protein Data Bank failed to identify other proteins with this structure, suggesting that the topology of REDD1 is unique. Mapping of conserved residues to the crystal structure revealed two segments of the protein, comprising amino acids 85-193 and 207-225 (Fig. 3 ) that are not contiguous in the primary sequence but are adjacent in the three-dimensional structure (125) . Conservative mutations of individual amino acids within these regions, e.g., changing Cys 140 to Ser, mildly impaired the repressive effects of REDD1 on mTORC1, while less conservative mutations, e.g., converting both Lys 219 and Tyr 222 to Ala, completely prevented its repressive actions (125) . Solving the crystal structure of REDD1 also raised doubts regarding its ability to bind to the 14-3-3 proteins, a process believed to be involved in the REDD1-mediated repression of mTORC1 (26, 125) . The location of the 14-3-3 consensus binding motif within the REDD1 sequence creates part of an ␣-helix and a subsequent loop structure, meaning that REDD1 would have to undergo a dramatic conformational change to permit binding to this location (125) . Though this does not exclude the possibility that REDD1 might still bind 14-3-3 proteins, further functional analysis of the unique structure of REDD1 will likely lead to greater clarity as to how REDD1 suppresses mTORC1 among its other actions.
Role of REDD1 During Physiological Conditions
REDD1 and fasting/refeeding. A role for REDD1 in skeletal muscle metabolism during physiological conditions was first observed following changes in nutrient consumption. Here, REDD1 mRNA and protein abundance were increased in skeletal muscle following an overnight fast (18 h), and both were rapidly reduced 45 min after refeeding. Importantly, the changes in REDD1 mRNA and protein were negatively associated with signaling through mTORC1 (84) . Although not demonstrating causality, these data suggested that REDD1 is a potentially important mediator of mTORC1 signaling by nutrients. This hypothesis was supported by data in a subsequent report using male WT mice and REDD1 KO mice subjected to fasting/refeeding (49) . Here, the decrease in mTORC1 signaling and rate of protein synthesis in skeletal muscle following food deprivation was at least partially due to increased REDD1 protein, as both protein synthesis and mTORC1 signaling remained elevated in the tibialis anterior of food-deprived REDD1 KO mice (49) . Moreover, the refeeding-induced turnover of REDD1 was required for the maximal nutrient-induced stimulation of mTORC1 signaling and protein synthesis, as WT mice exhibited a lesser response to feeding than REDD1 KO mice prior to the turnover of REDD1 (49) . Together, these data showed that changes in REDD1 protein within skeletal muscle modulate mTORC1 signaling and rates of protein synthesis in response to nutrient availability.
Contrary to these findings in rodents, nutrient consumption (i.e., 30 g of whey protein) was insufficient to decrease REDD1 protein in the vastus lateralis of either young (male) or old (female and male) humans after a 10-h overnight fast (38) . Although this finding clearly contrasts with those observations in rodents, the fact that REDD1 protein was nearly undetectable prior to nutrient consumption makes it difficult to conclude that nutrients do not decrease REDD1 in human skeletal muscle. Additionally, subjects in the human study consumed a drink enriched with protein, whereas the animals in the studies above ingested a chow diet consisting of all three macronutrients (i.e., carbohydrates, fats, and protein), of which only 18% was protein. This could suggest macronutrient-specific responses of REDD1. Last, the timing of the measurements in the human trial (i.e., 30 min post-refeeding) may not have been sufficient to observe a change as REDD1 protein was also unchanged 30 min post-refeeding in mice (49) . Though the increase in REDD1 mRNA and protein with fasting are likely the result of increased circulating glucocorticoids (discussed below), the factor(s) that leads to the rapid turnover of REDD1 protein following refeeding are unknown. The existing data support a potential role for changes in REDD1 gene transcription or REDD1 mRNA stability, as reductions in the relative abundance of REDD1 mRNA seem to parallel the decrease in REDD1 protein expression following refeeding (84) . Should this prove to be true, an increase in nutrient availability (e.g., glucose or amino acids), a change in circulating hormones (e.g., insulin), or both may be responsible for the changes in REDD1 mRNA. However, further investigations are needed to confirm this speculation.
Several questions remain regarding REDD1 and nutrient consumption. For example, the data described above were derived from measurements in the gastrocnemius of rats and tibialis anterior of mice, which are composed of both slow-and fast-twitch fibers (55, 63) . Whether REDD1 possesses a fiber type-specific effect with refeeding remains to be determined. Additionally, the role of REDD1 in the regulation of mTORC1 signaling and protein synthesis at later time points following refeeding (i.e., postprandial or postabsorptive) is also unknown. Understanding the role of REDD1 at these later time points is potentially important, as it was observed that phosphorylation of p70S6K1 (Thr 389 ) was lower in the gastrocnemius of male REDD1 KO mice compared with WT mice when assessed in the freely fed state, suggesting an alternative metabolic function of REDD1 (134) . Furthermore, the abovementioned studies were performed in male rodents, and whether a similar REDD1 response occurs in skeletal muscle of female mice is unknown. Last, there is only one report in which REDD1 protein expression was measured in the skeletal muscle of humans shortly following refeeding, which makes it difficult to determine the relevance of REDD1 in the skeletal muscle of humans under different nutrient conditions. Thus, there remain many unanswered questions regarding the role of REDD1 in relation to nutrient availability in skeletal muscle metabolism.
REDD1 and resistance exercise. A change in REDD1 mRNA following resistance exercise was first described in humans after a single bout of knee extensions at an intensity of 20% of the individuals' one-repetition maximum (1RM) under normal and blood flow-restricted conditions in the fasted state (30) . Here, a decrease in REDD1 mRNA content in the vastus lateralis of young males was observed 3 h postexercise (30) . At a similar time point postexercise, Greig et al. also found that REDD1 mRNA was decreased following 20 sets of 6 maximal isometric muscle contractions in young (26 -30 yr of age), but not old (Ͼ75 yr of age) females (50) . A differential age response of REDD1 mRNA following a bout of knee extensions at 70% of the subjects 1RM was also observed in young and old males. Here, only the old males experienced a decrease in REDD1 mRNA 6 h postexercise, whereas REDD1 mRNA was not altered in either young or old male subjects at 3 h postexercise (31) . A lack of change in REDD1 mRNA 3 h postexercise in the vastus lateralis of young males and females has also been shown in response to concurrent knee extension resistance exercise at 65% of 1RM and stationary cycling exercise at 65% of V O 2 peak (78) . In all, these data suggest that changes in REDD1 mRNA are sensitive to the intensity of the exercise (20% vs. 75% of 1RM), the timing of measurement postexercise, the age of the subject, or a combination of these variables. However, whether the decrease (or lack thereof) in REDD1 mRNA was accompanied by concurrent alterations in REDD1 protein and changes in rates of protein synthesis or mTORC1 signaling was not reported in any of the above studies.
In humans, REDD1 protein was not altered in the vastus lateralis of young males 30 min following a bout of knee extensions (10 sets of 10 repetitions at 70% of their 3RM) (38) . However, REDD1 protein abundance in the fasted, preexercise state in the young males was nearly undetectable, making it difficult to conclude whether REDD1 expression was actually altered (38) . Also, only a single measurement was made 30 min postexercise (38) . This time point postexercise may not have been sufficient to observe a change in REDD1 protein in young humans. Interestingly, this group found that REDD1 protein was increased in the vastus lateralis of older males and females 30 min following resistance exercise in association with blunted mTORC1 signaling relative to the young subjects (74) . In a separate study, REDD1 protein was not altered immediately following, or at 1 or 3 h, after a single bout of knee extensions at 20% of 1RM under both normal or blood flowrestricted conditions in older subjects (42) . Therefore, it remains to be determined whether REDD1 protein is altered in humans following resistance exercise and whether exercise intensity, age, or sex of the subject or the time of measurement influence these potential changes in REDD1 protein.
Resistance exercise can be partially mimicked in rodents by using several methods including electrically induced muscle contractions via stimulation of the sciatic nerve (4). Accordingly, it was shown that a single bout of electrically induced eccentric muscle contractions was sufficient to reduce REDD1 protein both 30 min and 4 h postexercise in the tibialis anterior (48) and at 4 h in the gastrocnemius of male mice (117) . These findings are in contrast to a report that failed to show a change in REDD1 protein in the plantaris muscle of female Wistar rats 5 days after muscle overload produced by synergistic ablation (14) or those data described above in humans. Furthermore, REDD1 was shown to be increased in the plantaris of male mice 14 days after synergistic ablation-induced muscle overload (115) . Either the type of anabolic stimuli (acute eccentric contraction vs. chronic overload), the intensity of the exercise (20% of 1RM vs. maximal eccentric contractions), or the time in which the measurements were made (hours vs. days) may have contributed to these divergent findings regarding REDD1 protein.
To gain a better understanding of the role of REDD1 in the contraction-induced activation of mTORC1 and protein synthesis, male WT mice and REDD1 KO mice underwent a single bout of electrically induced eccentric contractions of the tibialis anterior (48) . As resistance exercise increases both mTORC1 signaling and protein synthesis, it was posited that the contraction-induced reduction in REDD1 protein would be permissive for both processes. Accordingly, in WT mice, REDD1 protein in skeletal muscle limited the stimulation of mTORC1 signaling and protein synthesis following muscle contractions, consistent with the notion described above where increased expression of REDD1 was associated with blunted activation of mTORC1 in the muscle of aged humans (48) . Despite this, the precise role of the contraction-induced decrease in REDD1 protein remains unclear, as there was no interaction observed between contractions and genotype in relation to mTORC1 signaling in this study (48) . The putative action of REDD1 would suggest that a reduction in REDD1 protein expression following contractions likely contributes to the increased signaling through mTORC1 and protein synthesis following muscle contractions, but confirmation of this hypothesis would require a model in which REDD1 protein is unchanged by muscle contractions. It is also unknown whether REDD1 has a role in the rate or the magnitude of muscle hypertrophy following a long-term overload stimulus (e.g., synergistic ablation or chronic resistance exercise training), as the events that occur immediately following a single bout of resistance exercise may not be representative of the events that occur with an increase in muscle mass resulting from repetitive training.
The factors that alter REDD1 protein following resistance exercise remain unknown. At least in animal studies, a change in REDD1 mRNA content does not seem to be the primary mechanism controlling the reduction in REDD1 protein following resistance exercise (48) . These data suggest that resistance exercise either reduces the stability of the REDD1 protein, preferentially reduces its translation, or both. Though not known, it is likely that REDD1 protein expression would also decrease in those studies where REDD1 mRNA was reduced because of the short half-life (Ͻ5 min) of the REDD1 protein (68) . It also remains to be determined why certain resistance exercise paradigms (type of contraction or intensity) differentially alter REDD1 mRNA expression. Thus, more work is necessary to understand the mechanism(s) by which REDD1 mRNA and protein expression are altered by resistance exercise, and importantly, whether findings from rodent models accurately translate to humans.
REDD1 and aerobic exercise. The role of REDD1 in regulating the nutrient-and contraction-induced stimulation of mTORC1 and protein synthesis is relatively well explored, whereas there is a paucity of consistent data pertaining to its role during aerobic exercise. A single bout of treadmill aerobic exercise increases REDD1 mRNA and protein in the gastrocnemius of male rats as well as male and female mice (51, 89, 99) . In mice, the increase in REDD1 protein appeared to coincide with repressed mTORC1 signaling, whereas in rats, mTORC1 signaling was increased in parallel with elevated REDD1 protein (51, 99) . In humans, a single 20-min bout of submaximal aerobic exercise on a cycle ergometer at an intensity of 1.2 W/kg (ϳ50% of the subjects' V O 2 max ) failed to change REDD1 protein in the vastus lateralis, wheereas mTORC1 signaling was blunted (81) . Potential explanations for these discordant results include sex (male vs. female), species (human vs. mouse vs. rat), type of exercise (treadmill vs. cycle ergometer), the source of the REDD1 antibody (Proteintech vs. Bio-Connect), the time that measurements were made (immediately vs. hours postexercise), and a difference in exercise acclimation (2 vs. 10 days for the animal studies). Thus, the influence of aerobic exercise on REDD1 expression and subsequent control of mTORC1 signaling requires further exploration.
Increased REDD1 protein in skeletal muscle following aerobic exercise may also influence autophagic flux and ATP production. For example, it was concluded that autophagic flux and ATP production were reduced in skeletal muscle of REDD1 KO mice following a single bout of treadmill aerobic exercise (2 h in duration) relative to WT mice (104) . Here, exercise increased the expression of LC3 II in the muscle of WT mice, whereas the accumulation of LC3 II was reduced in REDD1 KO mice (104) . Furthermore, it was presumed that the reduction in ATP production was due to impaired mitophagy throughout the life of these animals and subsequent accumulation of nonfunctional mitochondria (104). This conclusion was supported by the finding that mitochondrial DNA was greater in the muscle of mice lacking REDD1 (104) . Whether the increase in autophagy was simply due to decreased mTORC1 signaling is unknown and requires further investigation. In all, these data support the idea that REDD1 is important for regulating skeletal muscle metabolism during and/or following a bout of aerobic exercise, but further work is needed to establish its importance with long-term aerobic exercise training.
Role of REDD1 During Pathological Conditions
REDD1 and glucocorticoids. A sustained elevation of circulating glucocorticoids promotes muscle atrophy, in part by repressing the rate of protein synthesis (10) . Evidence for a role of REDD1 in this repression was provided in a seminal report showing that dexamethasone increased REDD1 mRNA and protein in cultured L6 muscle cells and in the gastrocnemius of male rats (126) . It was hypothesized that the glucocorticoidmediated induction of REDD1 might contribute to dexamethasone-induced muscle atrophy, as mTORC1 function was impaired in association with the increase in REDD1 (127, 128) . These data were the first to link glucocorticoids with REDD1 expression in skeletal muscle, as the prior report showing such an association was performed in lymphoid cells (128) . However, this original study provided only associative and not causal evidence, thereby increasing the importance of later work that REDD1 KO mice to determine the link between REDD1 and glucocorticoid-induced muscle atrophy. As described therin, REDD1 KO mice (20-wk-old female) were resistant to the loss in muscle mass and muscle fiber CSA induced by 7 days of dexamethasone treatment compared with WT mice (12) . Furthermore, the acute (5 h) dexamethasoneinduced decrease in protein synthesis as well as phosphorylation of 4E-BP1 (Thr 37/46 ) and ribosomal protein S6 (rpS6; Ser 240/244 ) was offset in REDD1 KO mice (12) . Phosphorylation of rpS6 is commonly used to imply mTORC1 activity, as it lies directly downstream from p70S6K1 and will often exhibit more robust changes than p70S6K1 (Thr this report also showed a main effect for glucocorticoids to increase the interaction of TSC2 with 14-3-3 even in the absence of REDD1 (12) . These findings provided conclusive evidence that REDD1 is an important target of dexamethasone both acutely and chronically and that REDD1 is necessary for the reduction in protein synthesis and muscle mass following glucocorticoid treatment. It also highlights that the REDD1 mechanism of action is not fully defined.
The increase in REDD1 in response to glucocorticoids depends on the availability of the glucocorticoid receptor, as the receptor antagonist RU-486 attenuated the increase in REDD1 mRNA in differentiated L6 myotubes (135) . As described above, nutrient deprivation (e.g., overnight fast) increased the expression of REDD1 protein in skeletal muscle of male rats, and pretreatment with the glucocorticoid receptor inhibitor RU-486 prevented this augmentation (84) . Additionally, the serum corticosterone level and REDD1 mRNA content in skeletal muscle were increased in male mice after 90 min of confinement stress, and treatment with RU-486 prior to the stress prevented the increase in REDD1 (70) . These studies highlight the importance of the glucocorticoid receptor in the induction of REDD1 mRNA in skeletal muscle in response to either nutrient or psychological stress.
Although glucocorticoids produce muscle atrophy in association with increased REDD1, anabolic hormones can effectively counter this result. After showing that testosterone effectively prevented glucocorticoid-induced muscle atrophy (18, 138) , it was subsequently determined that coadministration of a supraphysiological dose of testosterone prevented the dexamethasone-induced increase in REDD1 mRNA and protein in the gastrocnemius of male rats (135) . Just as pretreatment with RU-486 blocked the increase in REDD1 following dexamethasone, in vitro experiments showed that the androgen receptor must be functional for testosterone to prevent the dexamethasone-induced increase in REDD1 mRNA and protein (135) . Moreover, REDD1 mRNA increased in the gastrocnemius after castration of male mice to remove endogenous testosterone, whereas hormone replacement with nandrolone decanoate once a week for 4 wk suppressed this increase (130) .
Growth hormone (GH) may also impact REDD1 expression in response to dexamethasone. Lack of GH in GH-deficient spontaneous dwarf rats (abnormally spliced GH gene) attenuated the dexamethasone-induced increase in REDD1 mRNA in the extensor digitorum longus (EDL) muscle (90) . Replacement of GH for 14 days using implanted osmotic minipumps restored the ability of dexamethasone to increase REDD1 expression (90) . Future work is needed to determine whether REDD1 is a viable target for attenuating the negative impact of glucocorticoids on skeletal muscle health in humans and whether anabolic hormones are a potential countertherapy. Of additional importance will be to investigate whether anabolic steroid hormones have similar effects in females who do not normally have high circulating levels of these anabolic molecules. Furthermore, the interaction of estrogen in these experimental settings remains unknown despite sexual dimorphic responses being well known to occur in response to glucocorticoids and inflammatory diseases (106) .
REDD1 and cancer cachexia. The preferential loss of skeletal muscle mass in patients with cancer (termed cachexia) appears to be due in part to decreased protein synthesis and repressed mTORC1 signaling. Two independent laboratories have provided data indicating a potential role for REDD1 in the cachectic process induced by the implantation of Lewis lung carcinoma (LLC) cells. This murine model exhibits a loss of muscle mass between ϳ28 and 35 days after LLC implantation in association with increased REDD1 mRNA in the gastrocnemius at the terminal time point (9, 103) . The increase in REDD1 mRNA paralleled the decrease in mTORC1 signaling, suggesting that, at least during this late stage of cachexia, REDD1 may repress mTORC1 signaling (103) . Though other studies show a progressive decrease in mTORC1 signaling as cachexia advances (129) , it has yet to be determined whether REDD1 mRNA and protein are increased at earlier time points and whether the cachectic response could be ameliorated in REDD1 knockout mice. Such data would support REDD1 as a potential therapeutic target for cancer cachexia.
In addition to regulating mTORC1 signaling, REDD1 has been proposed to have mTORC1-independent effects on autophagy; however, this is yet to be confirmed in a model of cachexia. In lieu of this, it has been reported that there is a gradual increase in the expression of proteins related to autophagy (e.g., beclin-1, LC3B, and Atg7) as cachexia progresses in the Apc
Min/ϩ mouse model of colon cancer (129) . Although speculative, a gradual increase in REDD1 protein as cachexia progresses may promote autophagy, which would contribute to muscle loss, but additional work is required to conclusively establish this relationship.
In addition to induction of REDD1 mRNA due to tumor burden, there is also evidence that REDD1 mRNA is increased by chemotherapeutic drugs in the gastrocnemius of both male and female mice (6 and 20 wk of age) free of tumors (11) . The increase in REDD1 mRNA in response to an acute injection of a combination of cyclophosphamide, doxorubicin, and fluorouracil was independent of glucocorticoid signaling, as deletion of the glucocorticoid receptor was not sufficient to offset this induction (11) . Interestingly, muscle mass was spared from long-term chemotherapy-induced wasting in mice lacking a functional glucocorticoid receptor, but REDD1 was not measured at death, precluding any conclusion from being made pertaining to the relationship between REDD1 induction and muscle wasting in this catabolic model (11) . Therefore, REDD1 mRNA induction by chemotherapeutics could be a transient response or it could be unrelated to the glucocorticoidinduced muscle loss. The role of REDD1 in skeletal muscle metabolism following chemotherapy treatment requires further investigation including whether the effects of chemotherapeutics would be additive to the increase in REDD1 expression observed in tumor bearing models.
The stimulus for increased REDD1 mRNA following tumor establishment is currently unknown, although glucocorticoids are hypothesized to play a role. Muscle-specific deletion of the glucocorticoid receptor in mice blunted, but did not eliminate, the tumor-induced increase in REDD1 mRNA (9) . Whether the increase in glucocorticoids was due to a reduction in food consumption was not reported. This highlights the point that in vivo studies of REDD1 should always include detailed information on the nutritional status of the animal, both pre-and posttreatment, as nutritional differences can independently alter REDD1 and reduced nutrient intake has been observed in those with cancer (36, 49, 84) . It was also not reported whether the reduction in REDD1 mRNA in the absence of a functional glucocorticoid receptor altered protein synthesis, mTORC1 signaling, autophagy, or other cellular processes. Thus, future work needs to determine what augments REDD1 mRNA and/or protein in skeletal muscle during cancer cachexia as well as chemotherapeutic treatment. It is also important to determine whether reducing glucocorticoid signaling will influence muscle metabolism in these catabolic conditions. REDD1 and skeletal muscle disuse. Skeletal muscle atrophy can occur with a reduction in muscular activity and/or weightbearing activities including limb immobilization and extended bed rest (79) . During these atrophic conditions, both the basal and nutrient-induced stimulation of protein synthesis and mTORC1 signaling are blunted (98) . For example, 1, 2, and 3 days after male rats underwent unilateral hindlimb immobilization where the posterior muscles (e.g., gastrocnemius, soleus, and plantaris) were casted in the shortened position, protein synthesis and mTORC1 signaling were lower in the soleus muscle of the immobilized limb at baseline and after leucine stimulation (65) . Coinciding with these early changes was an increase in REDD1 mRNA beginning 1 day postimmobilization and increasing further at days 2 and 3 (65) . Although the increase in REDD1 mRNA occurred at these early time points, it had returned to values observed in the nonimmobilized muscle after 7 days (66). However, whether a concurrent change in REDD1 protein expression paralleled the changes in REDD1 mRNA was not reported, precluding a decisive conclusion from being made pertaining to whether the early increase in REDD1 acts to limit the magnitude of both the basal and nutrient-induced stimulation of mTORC1 and protein synthesis observed within 1 day of immobilization.
A subsequent study extended these initial findings by showing that the position in which the muscle is immobilized influences the induction of REDD1 mRNA. Previous work showed increased REDD1 mRNA when the soleus was immobilized in the shortened position (65); however, REDD1 was unaltered when the soleus was fixed in a stretched position (64) . Similar to the finding of unaltered REDD1 mRNA in the lengthened position, protein synthesis and mTORC1 signaling were maintained when the soleus was immobilized in the stretched position (64) . In all, changes in REDD1 as well as mTORC1 signaling and protein synthesis are dependent on the position in which the muscle is fixed during immobilization, likely due to the degree of stretch imposed on the muscle. Additionally, skeletal muscle can adapt to long-term changes in stretch by either adding or removing sarcomeres in series to achieve a new resting length (132) . Since the degree of muscle stretch appears to alter REDD1 mRNA expression, it is unknown whether such changes (as well as mTORC1 signaling and protein synthesis) are due simply to the remodeling of muscle length, a reduction in muscle fiber CSA, or both.
Similarly to muscle immobilization, prolonged bed rest in humans also negatively impacts protein synthesis and mTORC1 signaling with implications for REDD1 involvement. In a cohort of young (mean 22 yr old) and older (mean 66 yr old) males and females, 5 days of bed rest increased REDD1 mRNA in the vastus lateralis only in the younger subjects. Baseline measurements taken prior to bedrest indicated that older subjects had greater REDD1 mRNA that did not coincide with blunted amino acid-induced stimulation of mTORC1 or mixed muscle protein synthesis. Amino acidinduced phosphorylation of p70S6K1 (Thr 389 ) was blunted in both groups following bedrest, whereas phosphorylation of 4E-BP1 (Thr 37/46 ) was increased appropriately in both groups (121) . Despite similar alteration in amino acid-induced stimulation of mTORC1 signaling following bed rest, mixed muscle protein synthesis was increased only in the young subjects despite increased REDD1 mRNA (121) . Following a post-bed rest 8-wk rehabilitation program consisting of high-intensity eccentric contractions, REDD1 mRNA in young subjects was no longer increased relative to baseline measures, and REDD1 mRNA was reduced in older subjects to values below those observed in the young subjects (121) . Furthermore, the amino acid-induced phosphorylation of p70S6K1 (Thr 389 ) was restored following rehabilitation in both the young and old participants, and the amino acid-induced rate of mixed muscle protein synthesis was again increased in the old subjects (121) . These data suggest that the increase in REDD1 mRNA in older subjects at baseline was not associated with blunted stimulation of mTORC1 or protein synthesis by nutrients and that the bed rest-induced resistance to amino acid-induced phosphorylation of p70S6K1 and protein synthesis in older subjects was independent of changes in REDD1 mRNA. The fact that REDD1 mRNA increased in young subjects following bed rest in association with blunted amino acid-induced phosphorylation of p70S6K1 might suggest an age-specific effect of REDD1 on mTORC1 regulation with disuse. Thus, more work is needed to understand the precise role of REDD1 in skeletal muscle during disuse as well as with age.
REDD1 and hypoxia. A loss of muscle mass may also be seen in response to chronic hypoxia, which can be produced physiologically (e.g., high altitude) or result from an underlying disease state such as chronic obstructive pulmonary disorder (COPD). Though REDD1 was first identified as a hypoxiainducible factor in nonmuscle cells, it has since been shown that hypoxia is sufficient to increase REDD1 mRNA and protein in skeletal muscle of animals and humans alike (13, 14, 20, 35) . Furthermore, the loss of muscle mass during hypoxia may be due to an impairment in mTORC1 activity and protein synthesis, as REDD1 protein is required for the hypoxiainduced decrease in the phosphorylation of p70S6K1 (Thr 389 ) in MEFs (13) . Mechanistically, it was proposed that the hypoxia-mediated reduction in mTORC1 signaling was due to REDD1 sequestering 14-3-3 proteins preventing their association with TSC2, thereby enabling formation of a functional TSC1/2 complex and inhibition of mTORC1 kinase activity (Fig. 2) (26) . While evidence of this mechanism was elucidated in nonmuscle cells in culture, similar results were reported in the soleus of male rats housed at simulated altitude (i.e., hypoxic conditions) for ϳ2 wk (35 (81) . Interestingly, in this latter study, the induction of REDD1 was associated with increased autophagy in the hypoxic state, consistent with the emerging role of REDD1 in the regulation of autophagy (81, 104) . These data are in contrast to earlier human work in which simulated hypoxia increased REDD1 mRNA as well as phosphorylation of p70S6K1 (Thr 389 ) and Akt (Ser 473 ) compared with the time-matched normoxic condition (20) . These studies highlight the lack of consistency of the effects of increased REDD1 on mTORC1 substrates within human muscle; however, the hypoxia protocols did differ, and feeding status at the time of biopsy was not clearly specified in either study (20, 81) . Last, in COPD patients, a decrease in the phosphorylation of Akt (Thr 308 ), p70S6K1 (Thr 389 ), and GSK3␤ (Ser 9 ) was observed. Though REDD1 protein content was not directly assessed, a nonsignificant (38%) increase in 14-3-3/REDD1 binding was reported (35) .
As with other atrophic conditions, therapies to counter the loss of muscle mass associated with chronic hypoxia are highly desirable. Muscle overload may be a viable therapeutic intervention to offset the loss of muscle mass, as overload of the plantaris muscle in female rats effectively prevented the hypoxia-induced increase in REDD1 protein expression (14) . Furthermore, the relative phosphorylation (singular) of p70S6K1 (Thr 389 ) and 4E-BP1 (Thr 37/46 ) was not altered by hypoxia in the overloaded muscle. Therefore, resistance exercise or an alternative method to activate skeletal muscle synthetic pathways may overcome or attenuate the effects of a hypoxic environment, including enhanced REDD1, on skeletal muscle.
Overall, there is strong evidence that REDD1 protein and mRNA are increased under hypoxic conditions in skeletal muscle, similar to other tissues. Although an increase in REDD1 would likely lead to muscle atrophy through a reduction in mTORC1 substrate phosphorylation and protein synthesis, the studies presented here do not convincingly support such a model, as mTORC1 substrate phosphorylation rarely changed coordinately with REDD1 expression. Therefore, more work is required to elucidate the role of REDD1 on mTOR activity after hypoxia as well as other physiological consequences of the increase in REDD1 expression under in vivo conditions. REDD1 and alcohol. Both acute and chronic alcohol intoxication decrease the rate of protein synthesis and mTORC1 signaling in skeletal muscle and over time can lead to a decline in muscle mass. Despite being a known repressor of anabolic signaling via mTORC1, whether REDD1 contributes to the aforementioned chronic alcohol-induced decrease in mTORC1 in the skeletal muscle of rats in unclear (72) . Consumption of an alcohol-containing diet (36% of total calories) for 14 wk, which decreased gastrocnemius weight and whole body lean mass, did not increase REDD1 mRNA or protein at this terminal time point compared with pair-fed controls (72) . However, a transient increase in REDD1 at an earlier time point(s) contributing to the loss in muscle mass cannot be excluded. Similarly, in a male mouse model of short-term (2 wk) daily alcohol intake (ϳ20 g·day Ϫ1 ·kg body wt Ϫ1 ) no change in REDD1 protein level was detected in the plantaris muscle (115) .
Due to the prolonged time needed to produce alcohol-related muscle loss in rodents, models of binge drinking are commonly used as they mimic the physiological effects of chronic alcohol intake on skeletal muscle (118) . In male rats, acute alcohol intoxication (i.e., binge drinking) increased REDD1 mRNA in the gastrocnemius in a time-dependent manner and mirrored the peak in blood alcohol concentration (BAC) at 1 and 4 h postadministration (72) . The increase in REDD1 mRNA by acute alcohol intoxication occurred independently of sex, nutritional status (fasted/fed), or age [young (2 mo)/adult (12 mo)] (72).
To investigate the mechanism by which alcohol increased REDD1 mRNA/protein in skeletal muscle of rats, 4-methylpyrazole (4-MP) was injected in vivo to inhibit the oxidative metabolism of alcohol by blocking alcohol dehydrogenase activity. Administration of 4-MP prior to acute alcohol intoxication did not blunt the increase in REDD1 mRNA (72) . Treatment with the nonmetabolizable alcohol tert-butanol also increased REDD1 mRNA, and together these data suggested that the ethanol-induced increase in REDD1 mRNA was independent of its metabolism. However, in direct contrast, perfusion of the isolated hindlimb of rats with alcohol to completely bypass hepatic metabolism did not increase REDD1 mRNA or protein in muscle, thereby suggesting that when alcohol is given in vivo the increase in REDD1 is mediated via production of a secondarily produced unidentified mediator. Although alcohol intoxication can increase plasma corticosterone, which upregulates REDD1 mRNA, pretreatment with the glucocorticoid receptor inhibitor RU-486 did not abrogate the alcoholinduced increase in REDD1 mRNA, indicating a glucocorticoid-independent mechanism (72) .
In several of these experiments, the alcohol-induced increase in REDD1 was associated with a decrease in the rate of skeletal muscle protein synthesis; however, whether this was a causal link remained unknown until experiments were performed in REDD1 KO mice. An acute dose of alcohol was administered to female REDD1 KO mice via ip injection (3 g/kg body wt), and protein synthesis was determined in the gastrocnemius (116) . Alcohol reduced protein synthesis and rpS6 (Ser 240/244 ) phosphorylation equally in WT and REDD1 KO mice, although signaling through mTORC1 [i.e., phosphorylation of p70S6K1 (Thr 389 ) and 4E-BP1 (Ser 65 )] was unaltered (116) . These results suggest that the effect of alcohol on protein synthesis and phosphorylation of rps6 (Ser 240/244 ) is REDD1 and mTORC1 independent. Although this mechanistic work did not find significant effects of REDD1 on anabolic pathways altered by alcohol, it did reveal a possible alternative role of REDD1 in the regulation of ubiquitin-proteasome-mediated proteolysis during acute alcohol intoxication, which will be important to explore in the future (116) .
One caveat of the aforementioned work performed in REDD1 KO mice was that acute alcohol intoxication did not significantly increase REDD1 mRNA in female WT mice. Moreover, another previous study in male mice did not show an acute alcohol-induced increase in REDD1 protein in the gastrocnemius (117) . It should be noted, though, that the male mice were fasted for 18 h prior to receiving alcohol, which may have significantly increased REDD1 so that the alcohol could not further augment REDD1 expression. To our knowledge, no human data exist measuring REDD1 expression following acute alcohol intake to reconcile these contrasting findings between rats and mice, making further experimentation necessary to better establish this relationship.
Overall, it remains to be determined how the acute administration of an intoxicating dose of alcohol affects REDD1 expression in skeletal muscle and whether in rat and human models this is linked to the decrease in skeletal muscle protein synthesis and the progressive loss of muscle. Furthermore, as REDD1 was not elevated following chronic alcohol intake in association with a loss of muscle mass, the time course and relevance of the acute increase in its expression need to be evaluated further.
REDD1 and sepsis. The potential role of REDD1 in the catabolic condition of sepsis is not yet well defined despite previous observations showing decreases in mTORC1 signaling in skeletal muscle of experimental animal models (40) . Using cecal ligation and puncture (CLP) as an acute mouse model of sepsis, it was shown that REDD1 protein was increased in the gastrocnemius of male mice along with a decrease in protein synthesis independent of changes in mTORC1 signaling (119) . Interestingly, the increase in REDD1 was not offset by a bout of stimulated muscle contractions (ϳ18 h post-sepsis induction and 2 h prior to muscle collection), showing that sepsis rendered REDD1 unresponsive to this significant anabolic stimulus compared with the control condition in which REDD1 protein was reduced by muscle contractions (119) .
Further investigation of the potential relationship between enhanced skeletal muscle expression of REDD1 protein during sepsis and the reduction in protein synthesis was performed using female REDD1 KO mice. Disruption of the REDD1 gene offset the sepsis-induced decrease in mTORC1 signaling [phosphorylation of p70S6K1 (Thr 389 ), 4E-BP1 (Ser 65 ), rpS6 (Ser 240/244 )] and protein synthesis (114) . In addition to mediating the sepsis-related modulation of mTORC1 signaling, REDD1 also appeared to contribute to the sepsis-induced increase in autophagy. In mice lacking REDD1, the sepsisinduced decrease in the phosphorylation of ULK1 (Ser 757 ) and p62 protein was completely offset, as was the increased ratio of LC3 II to LC3 I in the gastrocnemius. As described earlier in this review, there is mounting evidence that REDD1 is integral in the regulation of autophagic flux within skeletal muscle and future work should strive to elucidate this mechanism and its physiological role more completely.
In summary, sepsis increased REDD1 expression in the gastrocnemius muscle of both male and female mice, and this was resistant to anabolic stimulation prior to tissue collection. Furthermore, the relationship between REDD1 expression during sepsis, mTORC1 signaling, and sex remains to be determined, as in female mice mTORC1 signaling was suppressed whereas in males at a similar time point signaling remained mostly unaffected. Therefore, whether this is a response related to the sex of the animal or just an isolated experimental observation (that mTORC1 was not altered by sepsis) requires further attention.
REDD1 and diabetes. Uncontrolled diabetes leads to a loss in muscle mass, and accordingly, diabetes alters REDD1 expression in skeletal muscle (96) . For instance, induction of type 1 diabetes, using alloxan in male rats, increased REDD1 protein and mRNA above those values observed in nondiabetic rats following 18 h of food deprivation (84) . Moreover, REDD1 was differentially modulated in diabetic rats following refeeding, as REDD1 protein and mRNA in skeletal muscle of diabetic rats remained 20-fold higher than the values observed in nondiabetic controls (84) . Furthermore, refeeding increased the phosphorylation of p70S6K1 (Thr 389 ) over 200% in the gastrocnemius of nondiabetic rats, whereas no increase was observed in diabetic rats, possibly due to the sustained elevation in REDD1 protein (84) .
REDD1 protein was also increased in the triceps surae muscle complex of male mice following streptozotocin (STZ)-induced type 1 diabetes (57). REDD1 protein was elevated after 1 wk of STZ and remained elevated at 3 and 5 wk following diabetes onset (57) . This change in REDD1 protein paralleled a loss in triceps surae muscle mass and impairment in mTORC1 signaling (57) . Thus, these data confirm that diabetes promotes an increase in REDD1 expression within skeletal muscle; however, whether REDD1 is required for the diabetes-induced loss of muscle mass is unknown.
Investigation of the factor(s) that promote an increase in REDD1 mRNA and protein in the diabetic state have yielded conflicting results. In the initial study performed in male diabetic rats, REDD1 mRNA in muscle positively correlated with levels of circulating glucocorticoids following 18 h of food deprivation (84) . Administration of RU-486 to block the glucocorticoid receptor abolished this relationship, suggesting that changes in REDD1 mRNA following fasting in diabetic rats were due to elevated glucocorticoids (84) . However, in STZ-induced diabetic mice, it was suggested that the increase in REDD1 protein was mediated by p63, which, as described above (33), is one of the initial transcription factors discovered to increase REDD1 expression during hypoxia (33) . However, dissecting the relative contribution of either p63 or glucocorticoids to the increase in REDD1 is not possible, as these were not simultaneously compared. Additional factors that may complicate analyzing the contribution of each include the species (rats vs. mice), feeding status (18 h food deprivation vs. freely fed), and the method used to induce diabetes (alloxan vs. STZ). Thus, the factors that increase REDD1 mRNA and protein in the skeletal muscle during diabetes remain poorly defined.
REDD1 and obesity. Recent work supports an emerging role for REDD1 in the regulation of skeletal muscle metabolism and insulin action in obesity (32, 100, 108, 133, 134) . It was initially observed that under fasting conditions skeletal muscle REDD1 mRNA and/or protein were higher in the gastrocnemius of male obese mice compared with lean mice. This was unexpectedly associated with reduced formation of the TSC1/2 complex and increased mTORC1 activation as assessed by a reduction in the binding of raptor with mTOR (28) . Additional analysis showed that REDD1 protein was elevated in the triceps surae muscle complex of obese male ob/ob mice compared with the values observed in the muscle of lean mice in both the fasted and fed states (134) . Furthermore, male mice lacking REDD1 were partially resistant to weight gain induced by 2 mo of high-fat feeding, supporting a relationship between REDD1 and obesity development (134) .
Insulin insensitivity and anabolic resistance have been observed in skeletal muscle from obese individuals and may be associated with the obesity-induced increase in REDD1 (133) . Furthermore, REDD1 protein was increased to a greater magnitude following a 2-h euglycemic-hyperinsulinemic clamp in skeletal muscle of male and female obese type 2 diabetics compared with lean, healthy male and female subjects (133) . This increase in REDD1 expression following insulin infusion may serve to limit an already hyperactive mTORC1 or act to induce insulin resistance, as the change in REDD1 corresponded with suppression of changes in the phosphorylation of Akt (Ser (133) . Hyperactive mTORC1 may also contribute to obesity-related insulin resistance, as p70S6K1 can phos-phorylate and inhibit insulin receptor substrate-1 (15) . Additionally, mTORC1 can phosphorylate the growth factor receptor-bound protein 10 leading to feedback inhibition of phosphatidylinositol 3-kinase (136) . Thus, findings from these studies propose a REDD1-regulated mechanism in skeletal muscle of obese individuals that may contribute to skeletal muscle and whole body insulin resistance.
The physiological reason for the increase in REDD1 in skeletal muscle during obesity is unknown; however, it may be due to hyperactive mTORC1 signaling. As previously mentioned, signaling through mTORC1 regulates REDD1 stability, and since mTORC1 is constitutively active in the muscle of these individuals, this may partially explain the increase in REDD1 protein. The increase in REDD1 protein may also be due to ER stress associated with hyperactive mTORC1 signaling as ER stress increases the expression of the transcription factor, ATF4, which in turn promotes transcription of the REDD1 gene. Alternatively, circulating levels of glucocorticoids are increased during obesity, and this could also augment REDD1 (1, 86, 133, 137) . Thus, the factors that increase REDD1 in skeletal muscle during obesity remain to be fully determined, as does the physiological significance of its increase and its role in the development of insulin resistance at the level of the skeletal muscle.
REDD2
An early report of public databases which identified REDD1 (RTP801) as a novel hypoxia-inducible factor also discovered two overlapping mouse EST clones containing an open reading frame substantially similar to RTP801 (111) . In silico analysis revealed a new mouse gene product (designated RTP801L for RTP801-like; DDIT4L; REDD2) that displayed 57% sequence identity to both rat and human RTP801. Subsequently, Northern blot analysis showed REDD2 mRNA was induced in a dose-dependent manner in macrophages incubated with oxidized LDL or the iron chelator desferrioxamine, the latter being a chemical mimetic of hypoxia (19) . REDD2 mRNA was increased in various nonmuscle cell lines by different stressors, including osmotic stress (92), ROS (59), and radiation (37) as well as immunomodulatory agents such as endotoxin (TLR4 agonists) and zymosan (TLR2 agonist) (58) . However, REDD2 mRNA did not appear to change in C 2 C 12 myotubes treated with CoCl 2 , a hypoxia mimetic, although the sample size in that particular study was relatively small (101) . A systematic evaluation of the effect of hypoxia and related studies on mechanism of action on REDD2 mRNA and protein in skeletal muscle per se is lacking.
Work by Brugarolas et al. (13) and Corradetti et al. (17) provided the first strong data indicating that REDD2, like its paralog REDD1, regulates cellular and metabolic functions in part as a negative regulator of mTORC1. These cell-based studies (e.g., HEK-293 and MEFs) showed that overexpression of REDD2 inhibits p70S6K1 and 4E-BP1 phosphorylation, and conversely the silencing of REDD2 reverses this inhibition. Work by several independent laboratories using in vitro overexpression and silencing methods have provided compelling evidence that REDD2 negatively regulates mTORC1 signal transduction via a TSC2-dependent mechanism (13, 17, 87) . While these studies indicate similarities in the regulation of mTORC1 by REDD1 and REDD2, other studies have shown selective mechanisms regulating REDD1, but not REDD2 (85) .
To our knowledge, the crystal structure of REDD2 has not been described. However, sequence alignment of the REDD2 amino acid sequence with REDD1 shows an overall identity of only 36%, and most of the NH 2 -terminal 50 amino acids present in REDD1 are missing in REDD2. However, multispecies comparison of the human, mouse, and rat amino acid sequences of the two proteins revealed that all but two of the amino acids within the segments of REDD1 that were identified as being critical for its repressive action on mTORC1 (125) are conserved (Fig. 3) . Moreover, the spacing between these two regions in REDD1 and REDD2 is also conserved; i.e., they are separated by 75 and 76 amino acids, respectively. Similar to REDD1, these two well-conserved regions within the REDD2 sequence may also be important for the mTORC1-repressive function of the protein.
Basal condition. As outlined in previous sections of this review, the control of mTOR in skeletal muscle plays a central role in maintaining protein homeostasis in this tissue during both health and disease. In this regard, Northern blotting revealed a preferential distribution of REDD2 (e.g., SMHS1) in striated muscle, both skeletal and cardiac, as opposed to other tissues such as liver, lung, spleen, and kidney (101), an observation confirmed by others (87) . The only significant discrepancy between these two studies involved REDD2 expression in the heart that was observed in the former but not the latter study. Microarray analysis of human tissues found that REDD2 mRNA expression was nearly 2:1 for heart having lower expression than skeletal muscle (124) . REDD2 mRNA is also seen in vastus lateralis (i.e., mixed fiber type muscle) from humans, and there is no apparent difference in expression level between young (ϳ30 yr) and old (ϳ70 yr) men, findings that are internally consistent with the similar rates of muscle protein synthesis observed in these two groups (31) . In a subsequent study, the same group reported no age effect on REDD2 mRNA expression using experimental groups that contained equal numbers of female and male volunteers (121) . However, an increase in REDD2 mRNA has been reported in the soleus from 9-and 18-mo-old male rats compared with 2-mo-old animals (66) . These two studies are not necessarily contradictory, as REDD2 may well be lower in adolescent humans, similar to the 2-mo-old rats, than in adults. The expression of REDD2 mRNA was relatively higher in the predominantly fast-twitch gastrocnemius compared with the soleus muscle which is composed of primarily slow-twitch fibers. Finally, in the masseter muscle, which is composed of relatively smalldiameter fibers with a propensity for apoptosis, REDD2 was sixfold higher than in the tibialis anterior muscle, composed of fibers with a larger CSA (34) . It is noteworthy that expression profiling of adult murine skeletal muscle showed that REDD2 mRNA exhibits a strong circadian rhythm, with expression being highest during the dark phase (82) . Hence, studies of REDD2 should clearly report the time of day at which they are conducted.
Catabolic states. Studies have reported dynamic changes in REDD2 mRNA under a variety of catabolic and anabolic conditions. Multiple studies from independent laboratories have generally reported the upregulation of REDD2 mRNA during catabolic conditions. The consequence of such a change can be seen under conditions where REDD2 is overexpressed in C 2 C 12 myoblasts and leads to a decreased phosphorylation of p70S6K1 (and presumably mTORC1 activity) under basal conditions, and also prevents the typical increase in p70S6K1 phosphorylation seen in response to the anabolic stimuli of leucine or muscle stretch (87) . Under in vivo conditions, REDD2 mRNA was increased in the soleus (but not the gastrocnemius) from female rats in response to disuse atrophy imposed by 2 wk of hindlimb suspension (101) . Using a different model of disuse in rats (e.g., casting), the increase in REDD2 mRNA in the soleus was shown to occur as early as 24 h after immobilization, to persist for at least 3 days (65), and occurred only in 2-and 9-mo-old rats, not 18-mo-old animals (66) . Such increases in REDD2 are unlikely to be mediated by overt hypoxia, as global muscle blood flow is unlikely to be decreased (83) . Of interest, this increase in REDD2 mRNA was only seen when the soleus was immobilized in the short- ened position, keeping the muscle in the stretched position during the 3-day immobilization decreased REDD2 mRNA compared with the noncasted contralateral muscle (64) . This differential regulation of the REDD2 in the shortened vs. stretched position was consistent with the changes in muscle protein synthesis. Similarly, increased REDD2 mRNA was reported in human vastas lateralis after 5 days of bed rest (121) .
In contradistinction, a decrease in muscle REDD2 mRNA has been reported in other preclinical models of muscle atrophy. For example, microarray analysis of gene expression in three models of genetic muscle atrophy indicate a consistent reduction in REDD2 regardless of the model (88) , and REDD2 protein content was decreased in the soleus from CAPN3 knockout mice which causes limb-girdle muscular dystrophy type 2A (61) . However, mTORC1 signaling and the rate of muscle protein synthesis per se were not directly determined in these studies, and it is possible that muscle protein synthesis in these models may actually be increased, a somewhat counter- intuitive response similar to that observed in denervationinduced muscle atrophy (21) . Many catabolic conditions are characterized by an elevation in circulating glucocorticoids that decrease muscle protein synthesis in an mTORC1-dependent manner. Thus, it was expected that the potent synthetic glucocorticoid dexamethasone would increase REDD2 mRNA in muscle. However, muscle REDD2 mRNA was decreased in gastrocnemius from rats and in L6 myotubes 4 h after treatment with dexamethasone, which also inhibited mTORC1-dependent protein synthesis (126) . The reason for this apparent divergent effect of dexamethasone has not been elucidated. In large part, data interpretation for all of the above-mentioned studies as well as many of those described below is limited by the lack of a validated REDD2 antibody necessary to assess changes in REDD2 protein content. Anabolic states. Anabolic stimuli have generally been reported to decrease REDD2, which is consistent with the role of this protein as a negative regulator of mTOR-dependent protein synthesis in skeletal muscle. Resistance exercise has a strong anabolic response in muscle. Although there is one report to the contrary (89) , which shows REDD2 is not acutely altered by exercise in rats, all other studies show a generalized decrease in REDD2 after exercise. For example, REDD2 mRNA was markedly decreased in the biceps brachii of young men 24 h after completion of resistance exercise; however, this decrease was observed only in males and not in females (75) . Although this study posited that such a sexual dimorphic difference may in part explain the increased muscle growth in males vs. females, this supposition remains to be tested. Resistance exercise, either alone or in combination with essential amino acid ingestions, can decrease REDD2 mRNA in as rapidly as 3-4 h (3, 31, 78). Exercise, muscle reloading, and administration of the anabolic steroid nandrolone are all able to decrease the elevation of REDD2 seen in response to various types of muscle atrophy in rats and humans (66, 105, 121) . Finally, another anabolic stimulus, IGF-I, also decreased REDD2 mRNA in both myotubes and rat gastrocnemius, a change that was associated with increased rates of protein synthesis (39) . In contrast to these relatively consistent findings, synergistic ablation of the gastrocnemius, which leads to a compensatory hypertrophy of the soleus muscle, did not alter REDD2 mRNA (101) .
Although there is a solid foundation of basic information on modulators of REDD2 mRNA, there is a paucity of data pertaining to changes at the protein level. However, because of the tissue-specific localization of REDD2 to skeletal (and possibly cardiac) muscle, which is more limited than that of REDD1, there is a need for a more complete understanding of how this protein is regulated, how precisely it inhibits mTORC1-mediated events, and its role relative to REDD1 in growth and loss of muscle protein. Hence, both in vitro mechanistic studies and in vivo studies designed to elucidate the physiological relevance of described mechanisms will be required.
Conclusion and Future Directions
The evidence is convincing that REDD1 mRNA/protein content is altered in skeletal muscle during a variety of physiological and pathological conditions (Tables 1 and 2; Fig. 4) . In general, the expression of REDD1 is increased during cachexia, hypoxia, glucocorticoid administration, sepsis, acute alcohol intoxication, diabetes, acute aerobic exercise, nutrient deprivation, and obesity. Conversely, REDD1 expression is generally decreased by acute resistance exercise and refeeding/ nutrient consumption. Although eloquent cell-based studies have clearly demonstrated that REDD1 is a repressor of mTORC1 signaling, a change in REDD1 does not always correlate with a change in mTORC1 signaling under in vivo conditions. For example, a comprehensive summary of pathological conditions (Table 1 ) and physiological conditions (Table 2) clearly shows a lack of consistency regarding changes in REDD1 and mTORC1 signaling. This apparent discrepancy may be due to a variety of factors, including the model used (human vs. murine), sex (male vs. female), condition (pathological vs. physiological), nutrient status (fasted, refed, or freely fed), time point analyzed, or if the input to mTORC1 was downstream of REDD1 or in a parallel pathway. It is also possible that REDD1 functions to alter other metabolic processes in the muscle that are only now beginning to be elucidated following the creation of REDD1 KO mice. For example, REDD1 appears to regulate atrogene expression during alcohol intoxication, insulin signaling during obesity, and autophagy during aerobic exercise and sepsis. An important next step will be to determine the role of REDD1 in skeletal muscle during other pathological/physiological conditions.
In addition to uncovering the role of REDD1 during these conditions, it will be important to identify the factor(s) that regulate REDD1 expression. Though this generally remains elusive, it will be central to the future design of therapies to prevent or treat REDD1-centric skeletal muscle disease. Similarly, it is unknown what factor(s) and pathway(s) regulate REDD1 protein turnover, as the half-life of REDD1 is quite short (Ͻ5 min). In all, experiments to answer these and other questions represent the initial step(s) in the generation of new therapies specifically targeting REDD1 and/or REDD2 to treat pathological conditions in which skeletal muscle is negatively impacted. 
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